Molecular self-assembly of block copolymers has been pursued as a next generation high-resolution, low-cost lithography technique. Solvent vapor annealing is a promising way of achieving self-assembled patterns from polymers with high interaction parameters, w, or high molecular weights. Compared to thermal annealing, the assembly in a solvated state can be much faster, but the film swelling process is typically challenging to control and reproduce. We report the design and implementation of an automated solvent annealing system that addresses these issues. In this system the film swelling is controlled via local heating or cooling, which enables exceptionally fast and precise modulation of the swelling. The swelling of the polymer films follows preprogrammed annealing profiles with the help of a feedback loop that compares and tunes the film thickness with respect to the set point. The system therefore enables complex annealing profiles such as rapid cyclic swelling and deswelling. We show that the orientation of the pattern morphology and the amount of lattice defects are influenced by the used annealing profile. We demonstrate that optimized profiles significantly shorten the annealing time (o15 min) of high-w and high-molecular weight poly(styrene-b-2-vinylpyridine).
Introduction
Fabrication of nanostructures is becoming steadily more important as nanotechnology is being adopted into all types of manufacturing processes. Many devices and systems used in the modern society are becoming progressively smaller and taking advantage of components with nanoscale dimensions in order to be more efficient. For quite some time, top-down photolithography has been the cornerstone of nanofabrication but in some fields, it is now reaching its limitations. The emergence of sophisticated bottom-up methods is offering new possibilities to let the 2D and 3D nanomaterials and nanodevices build themselves using self-assembling processes. One promising strategy is block copolymer (BCP) self-assembly where chemically dissimilar polymer molecules are driven to phase-separate into periodic, three-dimensional nanostructures. [1] [2] [3] [4] The size of the structures can be scaled up or down by tuning the molecular weight and the chemical dissimilarity, known as the Flory-Huggins parameter w, of the BCPs. Currently BCP patterns in the 5 to 200 nm size range can be produced. 5, 6 However, the pattern dimensions are only truly limited by the present-day polymer synthesis methods and self-assembly kinetics. Theoretically, patterns with domains as small as 1 nm or larger than 300 nm could be made using ultralow or ultra-high molecular weight BCPs. [7] [8] [9] Considerable effort has been put into directing the self-assembly (DSA) of low molecular weight BCPs into sub-10 nm sized structures for semiconductor industry applications including high-density memory devices, 10, 11 integrated circuit layouts, 12, 13 and most recently, Fin field-effect transistors (FinFETs). 14 High molecular weight BCPs have found their uses in applications where dense patterning and large-area coverage is needed such as in filtration membranes, 15 antireflective coatings, 16, 17 and optical metamaterials. 18, 19 For application purposes, the main challenges of BCP-based nanofabrication have been related to self-assembly; control of the pattern features and minimization of defects. 20 Chemically or topographically pre-patterned substrates are often used to control the orientation and the long-range lateral alignment of the BCP patterns. [21] [22] [23] [24] The self-assembly of BCPs also requires annealing to enhance polymer mobility and facilitate the phase separation. In thermal annealing the BCP films are heated above the glass transition temperature (T g ) for increased mobility. 25, 26 Another alternative is solvent vapor annealing (SVA) where the solvent vapor swells and plasticizes the BCP, reducing the T g below the room temperature, screening unfavorable interactions and reducing the time needed for self-assembly. 27 Inherently SVA is very simple and can be done in a sealed chamber that contains a solvent reservoir and the sample. 28, 29 Non-equilibrium BCP morphologies can be obtained using selective or mixed solvents. 3, 30, 31 Solvothermal annealing processes have also been explored, and in this method both the solvent and the sample are heated to shorten the required annealing time. [32] [33] [34] SVA is particularly interesting for assembling BCPs that display slow self-assembly dynamics due to high molecular weight 6 (high-MW) or high Flory-Huggins interaction parameters (high-w). 35 Despite the huge potential of SVA, it has previously not been attractive for the semiconductor technology industry due to the lack of reproducibility compared to thermal annealing. Even minor changes in the environment, such as fluctuations in the ambient humidity or temperature, can drastically change the outcome of SVA. It has then been identified via grazingincidence small angle scattering (GISAXS) that the degree of swelling of the film is a critical factor that affects the BCP morphology. Order-order and order-disorder transitions (ODT) have been shown to occur at precise, polymer-specific swelling ratios. 30, 36 The degree of swelling also affects the lateral ordering of the BCP patterns, with the best order obtained when the film solvent content is close to the order-disorder transition concentration. 37, 38 Better control of the film swelling has been achieved using flow SVA systems where the solvent vapor is fed continuously into the chamber using a carrier gas flow. The film swelling is controlled by changing the partial vapor pressure inside the chamber by mixing multiple gas streams. [39] [40] [41] Typically, sample chambers have had to be minuscule to compensate for the tardiness of the control via gas-flow mixing. Initially, it can take up to 15 to 30 min for the chamber to reach a saturated atmosphere and for the film to reach a steady swollen state. 37, 41, 42 Further changes implemented via gas mixing can take up to 3 to 5 min to occur. 43 The total annealing time has been in the range of hours.
Several actively-controlled annealing systems with some degree of automation have been introduced during the past couple of years. Jin et al. 44 demonstrated control of film swelling via argon flow that was adjusted using a feedback loop. Lundy et al. 45 suggested feedback-controlled annealing to maintain a constant temperature differential between the solvent and the substrate to obtain supersaturation conditions. Since film swelling was not monitored, it is unclear how stable or accurate the method is. Nelson et al. 46, 47 presented an alternative way of computer controlling the chamber pressure by adjusting the flow rates at both the inlet and outlet valves. Solvent could be quickly pushed into the film using increased chamber pressure, which was done by setting the inlet flow higher than the flow at the outlet. Feedback control was not yet implemented, but extremely constant swollen film thickness could be maintained via manual corrections.
It seemed necessary to develop a SVA system that is fast and precise and has the potential for wafer-scale processing. Furthermore, repeatability and applicability of solvent annealing could be improved by minimizing user-and environment-related variations. In this article, we report the design and implementation of an automated SVA device that can achieve high swelling ratios and fast swelling modulation by regulating the solvent vapor atmosphere near the wafer either by heating or cooling the local environment. The swelling of the polymer thin films is monitored and computer-controlled making it possible to use predetermined swelling profiles. The applicability of the SVA device is demonstrated using high-MW, high-w poly(styrene-b-2-vinylpyridine) (PS-P2VP) thin films. The diffusivity of these high segregation strength polymers is typically low and the order-disorder transition limit high, leading to slow self-assembly kinetics and poor ordering.
Results and discussion

SVA system setup
We built an automated SVA system ( Fig. 1 ) that allows for precision control of the annealing process with the fastest modulation of the film swelling that has been demonstrated so far. The setup consists of a custom-made annealing chamber with a cylindrical body (+ = 75 mm, V B 100 ml) that can fit semiconductor wafers up to 2 inch in diameter. The copper stage inside the chamber can be heated or cooled using a thermoelectric cooler (TEC). Thermoelectric heating/cooling enables extremely fast and accurate temperature modulations. In our setup, the stage temperature range is from À10 1C to +70 1C and the mean absolute deviation from the temperature set point was measured to be AE0.005 1C. The temperature of the sample stage is monitored with a temperature transducer. The solvent vapor is generated in a bubbler system, where dry nitrogen carrier gas is bubbled through a temperature-stabilized solvent reservoir and fed into the chamber. Contrary to conventional flow annealing devices, the gas stream is not diluted using a secondary N 2 gas line. However, a pure N 2 stream can be directed into the chamber for purging.
The chamber lid is fully detachable and has a quartz window for optical monitoring. Spectroscopic reflectometry was used to monitor the swelling of the film via the change in film thickness. Spectral reflectance is measured every 30 ms over a 320-800 nm wavelength range. The thickness of the film is determined by continuously fitting the measured spectrum to a model of a single thin film on a substrate. The optical constants of a dry BCP thin film were assumed to follow the dispersion relation of the majoritycomponent polymer. The thickness prior to SVA was also measured using an ellipsometer. In the case of dry PS-P2VP thin films (B45 nm), the reflectometry and ellipsometry results differed from each other on average only by 1.1 nm proving that the chosen thin film model is valid. For swollen films, the spectral reflectance fitting worked best when the thin film was assumed to have a refractive index that changed with the addition of solvent. A video of the real-time thickness fitting during SVA can be found in the ESI † (Video SV1).
A CMOS camera with a long working distance objective operating in dark-field illumination provides live video of the thin film during annealing. The video feed can be used to monitor the quality of the films and quantify film dewetting. The largest area that can be viewed is B1 cm Â 1 cm. Thus, in case of small wafer pieces, the whole sample surface could be monitored. Similar video monitoring of film dewetting has been implemented by Jin et al. 44 with a more limited field of view. Other possible in situ characterization methods include epifluorescence microscopy, quartz crystal microbalances 42 and GISAXS. 30, 36, 37 Control of film swelling According to our understanding, the swelling of the thin films in our system is controlled by changing the relative saturation of the solvent vapor using temperature. It has been shown that higher relative saturation increases the swelling of polymer films. 41, 48, 49 The extent of the swelling depends on the solubility of the polymer in the solvent. 50 In our SVA system, the relative saturation can be increased in the vicinity of the sample by decreasing the stage temperature, which pushes more solvent into the BCP film. An increase in the temperature has the opposite effect. This type of swelling control mechanism is very fast and remarkably precise if the feedback loop and temperature response of the sample stage are fast enough.
The relative saturation P/P eq is the ratio of the partial pressure of the solvent in the chamber to the equilibrium vapor pressure. As displayed in Fig. 2a , both pressures can be altered by changing the temperature. The equilibrium vapor pressure of a solvent is given by the semi-empirical Antoine equation:
where T is the temperature in degrees Celsius. For the chosen annealing solvent tetrahydrofuran (THF) the Antoine parameters are A = 6.995, B = 1202.29 and C = 226.25. 51 In our qualitative model, which excludes the spatial variation of the atmosphere in the annealing chamber, the partial pressure of the annealing solvent is estimated using the ideal gas law P = nRT/V. Fig. 2a shows four different cases of THF partial pressures P(t1)-P(t4) that correspond to different amounts of THF in the chamber. The pressure P(t4) represents the partial pressure of THF, which is at saturation at room temperature (22 1C), and P(t1)-P(t3) are lower vapor concentrations. The temperature dependent relative saturation P(t2)/P eq is also displayed. The dew point is the temperature where the relative saturation reaches 100% and it is obviously sensitive to the vapor concentration of THF in the chamber. The swelling behavior of polymer thin films can be modelled as a dissolution process according to regular solution theory. At a relative saturation P/P eq , the maximum equilibrium sorption of solvent into a homopolymer thin film can be described as: 50
(2) where d 0 /d max is the polymer volume fraction or alternatively the reciprocal of the maximum swelling ratio. The parameters V s and V p are the molar volumes of the solvent and polymer respectively. For simplicity's sake, the model calculations are done using values for polystyrene instead of those of PS-majority PS-P2VP. The Flory-Huggins parameter w describes the interaction between the polymer and the solvent. In the evaluated temperature and concentration range it can be assumed constant, w(PS-THF) = 0.414. 52 The maximum equilibrium sorption of THF into a PS thin film is modelled in Fig. 2b . It can be observed that the swelling ratio becomes highly sensitive to the relative vapor saturation as the dew point temperature is approached. Close to the dew point, minute changes in the temperature (T o AE0.5 1C) are enough to drastically modulate the swelling ratio. Our SVA device with its temperature-controlled stage can operate in this region, a few tenths of a degree from the dew point, without issues with solvent condensation. The tuning of the P/P eq is effective primarily in the vicinity of the sample and stage surface (ESI, † Fig. S1 shows a measurement for water vapor). Since the solvent vapor is not close to the dew point elsewhere in the chamber, the chamber walls, lid and gas pipes do not need to be heated to prevent unwanted condensation. However, should the stage temperature decrease below the dew point, solvent vapor will condense on the stage and thin film swelling will become uncontrollable.
Automated annealing
One of our aims was to improve the reliability of SVA, which is essential for an industrially viable lithography technique. Therefore, a MATLAB based script was written to handle the annealing process from data collection to signal processing, computation and instrument control. The Instrument Controller Toolbox of MATLAB was set to communicate with the spectrometer, TEC module and the CMOS camera. A user-friendly graphical interface was built on top where the user could design the annealing run and set the relevant parameters. During the annealing run the thickness of the BCP thin film follows a predetermined swelling profile. The swelling of the thin film is actively controlled via the temperature of the sample stage. The thickness of the swollen film is compared to the target set point and the temperature is adjusted accordingly via a PID (proportional-integral-derivative) control feedback mechanism. The feedback loop is capable of controlling the film swelling every 30 ms. Mean deviation from the thickness target set point is typically smaller than AE0.2 nm. The swelling ratio SR is calculated as the thickness of the swollen film d divided by the original film thickness d 0 . Fig. 3 displays the optically measured swelling of a highmolecular weight PS-P2VP thin film during feedback-controlled and uncontrolled SVA in THF, toluene and acetone. The uncontrolled SVA was performed by keeping the stage at a constant temperature (T = 20 1C) and using a constant vapor flow. The shape of the swelling curve is greatly affected by the set flow rate and the solubility of the BCP in the solvent. According to Hildebrand 53 solubility parameters, toluene (d TOL = 18.2 MPa 1/2 ) is considered a good solvent for the PS-majority PS-P2VP (d PS = 18.7 MPa 1/2 ) and thus the BCP swells more in toluene than in a less-suitable solvent such as acetone (d ACE = 20.3 MPa 1/2 ). Overall, the solvent uptake in uncontrolled SVA is quite slow and the maximum swelling ratio is relatively low. Room temperature fluctuations and seasonal changes are also known to influence the swelling curve when no feedback loop is implemented. 44 The feedback-controlled thin film swelling presented in Fig. 3 and Fig. S2 , S3 (ESI †) follows a predetermined swelling profile. The profile consists of an unrestricted solvent uptake period (10-40 s), a linear up-ramping regime at a predetermined rate, a steady dwell regime and a deswelling or quenching regime. The deswelling of the thin film can be done at a controlled rate (nm min À1 ). Solvent can also be removed instantly (quenching) to preserve the morphology obtained in the swollen state by purging the chamber with N 2 . The removal of the residual solvent content can be enhanced by simultaneously heating up the sample stage to 40-50 1C. In this type of feedback-controlled SVA device, BCP thin films can be made to swell quickly and to the desired swelling ratio, irrespective of the type of solvent used. The swelling control method based on relative saturation is applicable to not only different solvents but also different polymers. The controlled swelling of PDMS-majority PS-PDMS is demonstrated in ESI, † Fig. S3 . Similar to the PS-P2VP, the uncontrolled film swelling of PS-PDMS in toluene is moderate but with the feedback-control, high SR can be reached. The temperature-controlled feedback system also eliminates the unwanted swelling variations that would arise from seasonal changes or changes in the ambient temperature.
The fast, controlled modulation of the film swelling enables the use of complex annealing profiles. In our SVA device, the steady dwell regime can be replaced with controlled ramping or cycling regimes. Fig. 3(b) demonstrates two annealing profiles, where the film swelling ratio was modulated rapidly in 30 s and 60 s cycles. The cycle period can be as fast as 5 s in feedbackcontrolled operation and less than 1 s in an open-loop system that does not use the measured SR as a corrective input. Dynamical simulations have suggested that repeating swelling and deswelling cycles could improve the perpendicular orientation of BCP domains in thick BCP films. 54 To the best of our knowledge, this is the first time that fast cyclic solvent annealing has been experimentally realized.
Performance evaluation with high-molecular weight BCPs
The SVA process has notably been susceptible to even minor changes in the annealing conditions or the surrounding environment making reproducibility an issue. Predetermined swelling profiles make it possible to precisely repeat experiments and explore how different process parameters influence the self-organization 
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behavior of BCPs. The degree of swelling, SR, has been recognized via GISAXS studies to dictate order-order and order-disorder transitions in the BCP films, and influence the domain spacing and the degree of lateral ordering. 30, 37 To verify the functionality of our annealing device we scrutinized the effect of the SR on the morphology of high-MW PS-P2VP thin films. In the first experiment 45 nm thick PS-P2VP (M n = 188 kg mol À1 ) films were spin-coated on unmodified Si wafers from toluene-THF solutions. Fig. 4 displays scanning electron microscope (SEM) images of the platinum-stained BCP thin films after annealing with increasing swelling ratios using THF as a near-neutral annealing solvent. A ramp up rate of 0.6 SR per min was used and quenching was done immediately when target was reached with no dwell period. The micellar-like as-spun morphology was observed to improve with increasing swelling ratio until SR B 3.5. A wellordered hexagonally packed cylinder morphology with a domain spacing L 0 B 75 nm could be achieved in 4 minutes -or in little over 2 minutes if the ramp rate was increased to 1.0 SR per min.
With SR 4 3.6 the 188 kg mol À1 thin films exhibited a mixed morphology consisting of regions with perpendicular and parallel cylinders. The regions appeared to be single-and multi-layer areas that followed spinodal decomposition patterns. The appearance of these areas as well as possible dewetting could be observed during annealing from the camera images. Multilayering or terracing is known to occur due to commensurability issues between the film thickness and the equilibrium domain spacing L 0 of the BCP morphology. 55, 56 Here terracing occurred when SR Â d 0 4 2L 0 . With higher SR, the film morphology consisted mainly of parallel cylinders that grew in length but with no significant lateral order. This morphology behavior is consistent with previous research on the effects of SR on low-molecular weight polystyrene-polylactide BCPs (18-75 kg mol À1 ). 47 The self-assembly of high-MW BCPs is typically hindered by the low mobility of long-chained polymers. As a result, it is challenging to achieve good lateral ordering of the BCP features, and solvent annealing of high-MW BCPs can take hours 6, 15 or even days. 57 We tried annealing 258 kg mol À1 PS-P2VP thin films at a maximum feasible SR and then examined the growth of ordered cylinder grains in time. Fig. 5 and Fig. S4a (ESI †) illustrate the defect density of 258 kg mol À1 PS-P2VP thin films after 0 min, 10 min and 25 min of annealing dwell time. The blue regions depict locations where the lattice is not perfectly hexagonal, i.e. the PVP cylinders have fewer or more than six neighboring cylinders. The lattice defect density after up-ramping was 31.2 defects per mm 2 , which deceased to 17.4 mm À2 after 10 min and finally to 15.6 mm À2 after 25 min of dwell time. This shows that grain coarsening and point defect annihilation is fastest during the first 10 minutes, after which the grain growth slows down. This is consistent with the grain size coarsening following a power-law x B t a where a = 0.2-0.3 for thin films. 26, 58 After 25 min of dwell time there are very few point defects left and most of the lattice imperfections arise from the grain boundaries. Elimination of these grain boundary defects would require significant reorientation of neighboring grains.
Previous research has shown that the highest degree of order and the largest grain sizes are achieved when solvent annealing is done close to the ODT limit. 36, 38 Our swelling studies using high segregation strength BCPs were restricted more by the film commensurability than the ODT. SVA was done at an SR value that was just below the multilayering limit. A cautious estimate of the ODT concentration of 258 kg mol À1 PS-P2VP (N B 2480) would be f PS-P2VP = 0.136, corresponding to a SR of 7.33 (see ESI † for calculation). Thus, higher SR values could likely be used and larger grains achieved if the cylinder reorientation process was suppressed. This could be done using neutral brush layers or top coats that govern the preferred orientation of the BCP domains. [59] [60] [61] On unmodified substrates, the largest grain sizes that we achieved with the high-MW BCPs were in the range of several microns. Long-distance order and alignment can be achieved using substrates with topographic or chemical patterns that direct the self-assembly of the BCPs (DSA). We also tested the feedback-controlled SVA with these Fig. 4 Cylinder-forming PS-P2VP 188 kg mol À1 thin films annealed in THF at increasing swelling ratios. Films were quenched when target SR was reached to preserve the obtained BCP morphology. SEM images (A)-(F) of the platinum stained thin films display the change in BCP morphology with increasing SR values. Perpendicularly oriented and well-ordered cylinders were achieved around SR = 3.5 (D). Terracing occurred with SR 4 3.6 (E and F).
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types of prepatterned substrates. The DSA of high-MW PS-P2VP on a Si trench pattern is demonstrated in Fig. S4b (ESI †) , where highly aligned rows of perpendicular cylinders were achieved along the trench length. The possibility of large area self-assembly was also explored since BCP lithography would be ideal for engineering materials with new surface properties. Subwavelength BCP patterns have been already used to produce nanostructured antireflective coatings 17 and anisotropic refractive index metamaterials. 19 So far, we have managed to optimize the whole BCP self-assembly and SVA process for quarter pieces of 2-inch Si wafers. Perpendicularly oriented BCP cylinders with a large grain size could be achieved over the quarter wafer by combining a high SR value (3.0 o SRo 3.5) with a 10-15 min annealing dwell time. Fig. 6a shows an unpatterned Si quarter wafer and a wafer where the 188 kg mol À1 PS-P2VP cylinder pattern has been etched into the Si surface. The shallow pores depicted in Fig. 6b modify the refractive index of the Si surface, 62 which can be seen as a uniform color change over the patterned area. A full analysis of the BCP morphology over a quarter wafer can be found in ESI, † Fig. S5 .
Conclusions
Improvements in scalability and reliability are a key step in making BCP lithography commercially viable. Also better control, understanding and reproducibility of the solvent annealing process are needed. Since the solvent content in the thin films is an essential factor governing the final morphology and lateral order, more precise control of the swelling is required. In this paper, we describe the design and operation of an automated SVA system that is capable of modulating the film swelling with nanometer precision. The film swelling behavior is manipulated by changing the relative vapor saturation locally, near the surface of the sample. This control implementation uses local heating or cooling, which is a much faster method than the typical one using gas flow mixing. The advantage of feedback-controlled swelling is that the annealing process becomes insensitive to minor variations in the ambient conditions, gas flow rate and solvent vapor concentration.
With feedback-controlled SVA, different aspects of the film swelling profile can be isolated and their influence on the BCP self-assembly evaluated. For practical applications, the influence of SVA parameters on defect reduction, lateral ordering and selfassembly kinetics are of great interest. We demonstrated the utility of the SVA device by annealing high segregation strength polymers that typically display slow self-assembly kinetics due to low chain mobility. We have shown that 258 kg mol À1 PS-P2VP thin films can be made to self-organize into well-ordered cylinder patterns in under 15 minutes by optimizing the swelling profile. Complex swelling profiles are also possible, and we demonstrated controlled cyclic solvent annealing for the first time.
Experimental section
Thin film preparation PS-P2VP cylinder-forming diblock copolymers were purchased from Polymer Source Inc. and used as received. The number average molecular weights of the BCPs were 258 kg mol À1 (M PS = 185 kg mol À1 , M PVP = 73 kg mol À1 , PDI = 1.17) and 188 kg mol À1 (M PS = 135 kg mol À1 , M PVP = 53 kg mol À1 , PDI = 1.18) with a PS volume fraction f PS = 0.72. Analytical grade solvents acetone, toluene and anhydrous tetrahydrofuran (THF, contains 250 ppm BHT as inhibitor) were obtained from Sigma-Aldrich. The BCPs were dissolved in a 7 : 3 mixture of toluene : THF to obtain 0.5-1.0% (w/v) solutions. The solutions were left to stir overnight and filtered using a 0.22 mm pore size syringe filter to remove any undissolved particulates. Test grade (100) silicon wafers with the native oxide intact were washed using acetone and isopropanol followed by oxygen plasma cleaning for 1 min (Oxford Plasmalab System100). The BCP thin films were fabricated on 1/4 pieces of 2-inch Si wafers by spin coating at 2500-3000 rpm for B60 s in a closed chamber SSE OPTIcoat spinner. The thin films were immediately soft-baked at 125 1C for 2 min to remove any residual solvent. Samples were diced into 1 cm Â 1 cm pieces and the initial thickness of the films was measured from the center of the pieces using a HeNe laser ellipsometer (Rudolph Research AutoEL III) at a 701 incident angle.
Solvent annealing device setup
The SVA chamber consisted of a custom-made stainless steel body and a detachable lid. The chamber had a maximum internal volume of V = 103 ml and could fit substrate wafers up to 2 inch in diameter. The copper stage plate was bonded to a thermoelectric cooler module (MultiComp, TEC 110 W, 12 A). The TEC element could either heat or cool the stage depending on the direction and magnitude of an electrical current driven through it (Thorlabs ITC4005 TEC controller). Temperature of the sample stage was monitored with a temperature transducer (AD590MF) for the feedback loop.
Dry nitrogen gas was bubbled through a temperature-stabilized solvent reservoir to generate the solvent vapor. The flow rate of the carrier gas was set constant using a gas regulator and a Brooks Instrument Sho-rate gas flow meter. The solvent vapor was fed into the chamber from a ring-structure at the bottom to ensure more uniform vapor distribution. The chamber inlet and outlet were equipped with ball valves making it possible to cut off all flows and make the chamber airtight. The solvent reservoir could also be bypassed so that pure nitrogen gas was fed through the chamber (purging). A Thorlabs TSP01 USB Data Logger was installed inside the SVA chamber to monitor the temperature of the gas vapor. The whole SVA setup was constructed in a temperature and humidity controlled clean room to minimize external influences.
The chamber allowed optical monitoring through a quartz viewport. A USB-connected CMOS camera (Thorlabs DCC1645C) was installed above the viewport to provide live video of the thin film surface during annealing. An LED ring light (Thorlabs OSL2 Fiber Illuminator) was used for sample illumination and the system was set up to record in dark-field mode. The thickness and swelling of the polymer film was determined in situ using spectroscopic reflectometry with an Ocean Optics spectrometer (HR4000) and a UV-Vis light source with a spot size of approx. 4 mm. To account for changes in the signal intensity and ambient lighting, the system was calibrated and referenced using a clean Si wafer before each run. The dry and swollen film thicknesses were determined by fitting a thin film model to the measured spectral data in real-time. 63 The model used optical constants that change with the addition of solvent according to the Lorentz-Lorenz rule of mixing. 64 For PS-P2VP, it was assumed the refractive index would comply with that of the majority block PS. Either a constant refractive index (n PS = 1.59) or a wavelength dependent dispersion formula 65 was applicable. A refractive index of 1.407 was used for THF. Dispersion equations were used for toluene 66 and acetone. 67 
Automated annealing process
The BCP thin films were annealed in the solvent annealing device described above. The system was operated via a graphical user interface that was connected to the TEC controller, spectrometer and CMOS camera. Samples were placed on the TEC plate in the chamber and the chamber was flushed with dry N 2 . Solvent vapor was introduced into the chamber via the temperature-stabilized bubbler at a constant N 2 carrier flow rate of 100 ml min À1 . BCP films were annealed in the solvent + N 2 vapor flow so that the film SR (or thickness) followed a predetermined profile. The extent of swelling was measured in real-time using reflectometry and controlled using a feedback loop that automatically adjusted the temperature of the sample stage by TEC. Currently, only the proportional gain in the PID controller was used. The up ramping rates were varied from 0.6 to 1.0 SR per min and annealing (dwell) times from 0 to 25 min. At the end, the swollen thin films were vitrified by purging the chamber with dry N 2 . Additional heating (40 1C) was used to remove the residual solvent from the films.
Sample characterization
A metal salt infiltration process 68 was used to enhance imaging contrast between the two blocks of the BCP. The thin films were immersed in a 1 mM Na 2 PtCl 4 + 0.1% HCl(aq) solution for 10-15 min, washed with deionized water and blow dried with nitrogen. The anionic platinum complexes bind specifically to the protonated PVP domains. The morphologies of the platinumstained BCP films were examined with a field-emission scanning electron microscope (Carl Zeiss ULTRA 55) operated at 3 kV. For BCP lithography, the PVP cylinders were selectively removed by dipping in warm ethanol and the pattern was etched into Si by SF 6 /O 2 dry etching. 62 Morphology analysis and defect counting were done using ImageJ2 69 and MATLAB R2015b. The SEM images were converted into binary black-and-white images with automatic thresholding and noise was reduced by removing outlier pixels. The center positions were used to generate a Voronoi diagram, and the number of vertex edges was counted to determine the amount of lattice defects. The periodic hexagonal morphology was analyzed using Fast Fourier Transform (FFT) from 1024 Â 1024 pixel binary images.
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